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Sherman, Larry S. 

Final Progress Report 
Role of CD44 in Malignant Peripheral Nerve Sheath Tumor 

Growth and Metastasis 

DAMD17-00-1-0551 

INTRODUCTION 
Malignant peripheral nerve sheath tumors (MPNST) are aggressive, difficult to 

treat tumors that arise within peripheral nerves. Although extremely rare in the general 
population, MPNST occur with significantly higher frequency (as high as 13%) in 
patients with neurofibromatosis 1 (NFl) and contribute significantly to the morbidity and 
mortality of affected patients. This study was founded on the belief that by discovering 
the molecular mechanisms underlying MPNST invasion and metastasis we will gain 
clues about how to treat these tumors. We have focused on the role of the CD44 
transmembrane glycoprotein and the c-Met receptor tyrosine kinase in this process. 

BODY 
We have achieved the majority of the aims we had outlined in the original grant 

proposal. Our results are described in two manuscripts that are included with this report. 
A significant outcome of our studies is that we have identified two potential drug targets 
for treating MPNST invasion: the non-receptor kinase Src and the receptor tyrosine 
kinase c-Met. Reagents that inhibited the activities or expression of either of these 
kinases almost completely inhibited MPNST cell invasion in vitro. Although we were 
unable to test the efficacy of these reagents in vivo (see below, under objective 3), our 
data suggest that Src and c-Met should be considered further in studies aimed at blocking 
MPNST metastasis. 

Objective 1: Determine if epidermal growth factor receptor (EGFR)-dependent Src 
signaling influences invasion and CD44 expression in MPNST cells. 

We found that ST8814 and 90-8 MPNST cells (both derived from NFl patients) 
treated with the CGP77675 anti-Src kinase drug express dramatically reduced levels of 
CD44 proteins by Western blotting compared to cells treated with vehicle alone (Su et al., 
2003a). Similarly, transient transfection of a dominant negative Src construct in ST8814 
cells inhibits CD44 expression (Su et al., 2003a). Remarkably, CGP77675 and two other 
Src drugs (PPl and PP2 - data not shown) dramatically inhibited MPNST cell invasion in 
vitro (using a well-established in vitro invasion assay; see Lamb et al., 1997 for details) 
while an inhibitor of MAP kinase neither inhibited CD44 expression or MPNST cell 
invasion (Su et al., 2003a). These data suggest that Src mediated signaling but not 
elevated Ras-GTP activity can influence the invasive behaviors of MPNST cells. 

We further show that a dominant negative epidermal growth factor receptor 
(EGFR) construct could significantly reduce CD44 expression (Su et al., 2003a). This is 
interesting in light of recent findings indicating that MPNST cells have elevated EGFR 
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expression (DeClue et al., 1999). To test whether elevated EGFR expression leads to 
aberrant CD44 expression in these cells through a Src-dependent mechanism, we utilized 
a dominant-negative EGFR construct that lacked the Src-association domain in the 
cytoplasmic tail but which still associated with other intracellular signaling molecules 
(Biscardi et al., 1999). We found that this construct also inhibited CD44 expression (Su 
et al., 2003a) consistent with Src activation being involved in EGFR-mediated activation 
of CD44 transcription. 

Finally, we confirmed that lowering CD44 expression in MPNST cells resulted in 
decreased cell invasion in vitro (Su et al., 2003a). Interestingly, lowering CD44 
expression did not abolish invasion the way that inhibiting Src activity did, suggesting 
that CD44 only contributes to invasion in these cells but may not be absolutely required. 

Objective 2: Determine if CD44 contributes to MPNST cell invasion in vitro by 
influencing c-Met signaling 

A major aim of this objective was to determine the contribution of the receptor 
tyrosine kinase c-Met and its ligand, hepatocyte growth factor (HGF), to MPNST 
invasion, and whether the contribution of CD44 to MPNST cell invasion was related to c- 
Met signaling. The rationale for these experiments was that MPNST cells and tumor 
tissues express both c-Met and HGF (Rao et al., 1997), and recent data suggest that HGF 
signaling may depend on either the v3 or v6 splice variant epitopes of CD44 (e.g. van 
der Voort et al., 1999; Orian-Rousseau et al., 2002). We previously found that MPNST 
cells express these CD44 variants (Sherman et al., 1997). We have verified that MPNSTs 
from patients with NFl express HGF, c-Met, and the HGF activating enzyme, HGFA (Su 
et al., 2003b) all of which are presumed to be required for a functional c-Met/HGF 
autocrine signaling loop. We also found that an HGF-neutralizing antibody can 
significantly reduce constitutive c-Met phosphorylation in the ST8814 MPNST cell hne 
(Su et al., 2003b). These data demonstrate that MPNST cells signal in response to HGF in 
an autocrine manner. 

We originally proposed using a dominant negative c-Met construct to inhibit 
constitutive c-Met activity in MPNST cells and to test if c-Met activity is required for 
MPNST cell invasion. However, we found that these constructs were not a reliable 
means of reducing c-Met phosporylation in MPNST and other cell lines (data not shown). 
As an alternative approach, we obtained ribozyme contracts to target both c-Met and 
HGF translation (Abounader et al., 1999) from Dr. John Laterra (The Johns Hopkins 
University School of Medicine, Baltimore, Maryland). We made stable ST8814 cell hnes 
expressing the c-Met ribozyme and show that compared to stable lines expressing vector 
alone, clones of cells expressing the c-Met ribozyme have dramatically reduced levels of 
total c-Met protein (Su et al., 2003b). These clones are also significantly less invasive 
than control clones, consistent with the notion that the constitutive c-Met activity in 
MPNST cells promotes their metastatic behavior. Furthermore, treating these cells with 
the HGF neutralizing antibody similarly inhibited ST8814 cell invasion. These data 
demonstrate that c-Met activation can promote MPNST invasion. 

To test if CD44 and c-Met interact with one another we performed co- 
immunoprecipitation assays in ST8814 cells and found that CD44, c-Met and HGF can 
form complexes with one another. We further found, by double-labeling 
immunocytochemistry, that CD44, HGF, c-Met and HGFA co-locaUze at the cell surface 
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in both MPNST tissues from NFl patients and in the ST8814 cell line. However, using a 
CD44 variant 6-specific antibody that partially inhibited ST8814 cell invasion and which 
had previously been found to inhibit c-Met phosphorylation (Orian-Rousseau et al., 
2002), we were unable to establish a functional link between CD44 and c-Met (Su et al., 
2003b). These data suggest that although CD44 can promote MPNST cell invasion, this 
activity does not depend on c-Met signaling. Furthermore, as inhibiting c-Met activity or 
expression almost totally abolished MPNST cell invasion, our data suggest that signals 
downstream of c-Met are absolutely required for the invasive phenotype. In this case, the 
contribution of CD44 to MPNST invasion would be limited to amplifying c-Met- 
mediated signaling, making c-Met the more viable therapeutic target. 

Objective 3: Test if reducing CD44 expression inhibits MPNST growth or metastasis 
in vivo 

Our preliminary data indicated that antisense CD44 oligonucleotides could 
transiently reduce CD44 expression and inhibit MPNST cell invasion in vitro. Our first 
goal in this objective was to generate an ecdysone-inducible antisense CD44 construct 
that could be used to reduce CD44 expression in MPNST cells. We were able to generate 
clones of ST8814 that could be induced to partially lower their CD44 expression, but the 
decrease was significantly less than when we used antisense oligonucleotides. A second 
problem with this aim, however, was that we were unable to reliably grow ST8814 cells 
in nude mice. In the few animals where a primary tumor developed, we were unable to 
detect any metastases in the lungs or other tissues (data not shown). We therefore 
abandoned this aim in favor of the molecular characterizations described in objective 2. 

KEY RESEARCH ACCOMPLISHMENTS 
- Demonstrated that elevated EGFR expression contributes to aberrant CD44 

expression in MPNST cells through a Src-dependent mechanism 
- Demonstrated that inhibiting Src activity can potently inhibit MPNST cell 

invasion in vitro 
- Determined that HGF and c-Met co-expression by MPNST cells forms an active 

autocrine loop 
- Determined that MPNST cells express HGFA 
- Found that reduction of c-Met expression or blocking autocrine c-Met activation 

are sufficient to inhibit MPNST cell invasion in vitro 
- Determined that CD44 is not required for c-Met activation in MPNST cells 

REPORTABLE OUTCOMES 
A manuscript describing our findings on the regulation of CD44 expression by 

EGFR and Src and the role played by CD44 in MPNST cell invasion has been published 
(Su et al., 2003a; Glia 42:350-358). A second manuscript describing our findings on the 
role of c-Met in MPNST cell invasion is in press in the journal Glia. Copies of both 
manuscripts accompany this report. 
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CONCLUSIONS 
Collectively, our findings to date indicate that although aberrant CD44 expression 

contributes to the invasive properties of MPNST cells, it is neither necessary nor 
sufficient for MPNST cell invasion. Instead, MPNST cell invasion is more likely to 
depend on an autocrine loop involving subpopulations of cells within MPNSTs that 
express HGF, c-Met and HGFA, making each of the components of this autocrine loop a 
potential target for therapies aimed at preventing MPNST metastasis. Our findings also 
indicate that another such target is Src. As c-Met activation can also promote Src 
activation, these findings may be connected. Src is an attractive candidate for drug 
therapies, as several reagents have already been developed that target Src and related 
non-receptor kinases. It is our hope that future studies from our lab or others can test the 
efficacy of these approaches to MPNST therapy. 
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Malignant Peripheral Nerve Sheath 
Tumor Cell Invasion Is Facilitated by 

Src and Aberrant CD44 Expression 
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ABSTRACT Malignant peripheral nerve sheath tvmiors (MPNSTs) are aggressive 
malignancies that arise within peripheral nerves. These tiunors occur with increased 
incidence in patients with neurofibromatosis type 1 (NFl), exhibiting increased Ras 
activity due to loss of the NFl gene product, neurofibromin, and abnormal expression of 
the epidermal growth factor receptor (EGFR). We previously found that MPNSTs ex- 
press increased levels of the CD44 family of transmembrane glycoproteins that have 
been impUcated in tumor cell invasion and metastasis. In two MPNST cell lines, we have 
found that elevated CD44 expression and cell invasion are dependent on Src kinase 
activity but are independent of mitogen-activated protein kinases (MAPK) kinase (MEK) 
activity. In contrast, inhibition of Src kinase activity has no influence on MPNST cell 
proliferation. Reduction of CD44 levels, using antisense oKgonucleotides, results in 
reduced MPNST cell invasion in vitro, suggesting that Src contributes in part to MPNST 
cell invasion by increasing CD44 levels. At least some of this increased CD44 expression 
results from elevated EGFR levels through a Src-dependent mechanism, consistent with 
the notion that EGFR promotes constitutive Src activation in MPNSTs. These data 
indicate that Src and CD44 are putative targets for the treatment of MPNST invasion 
and metastasis. GLIA 42:350-358, 2003.    o 2003 Wiiey-LUs, inc. 

INTRODUCTION 

Malignant peripheral nerve sheath tumors (MPN- 
STs) are aggressive, difficult-to-treat malignancies 
that arise within peripheral nerves and infiltrate sur- 
rounding tissues (Sordillo et al., 1981; Ducatman et al., 
1986; Sangueza and Requena, 1998). These tumors 
frequently metastasize to the limgs, lymph nodes, and 
Kver; affected patients tsrpically do not survive more 
than 5 years after diagnosis (White, 1971; Ghosh et al., 
1973; Ducatman et al., 1986; Wong et al., 1998). Al- 
though extremely rare in the general clinical popula- 
tion (incidence of 0.001%), MPNSTs arise in 8-13% of 
patients with neurofibromatosis type I (NFl) (Evans et 
al., 2002) and are a major contributing factor to NFl 
patient mortality (reviewed by Femer and Gutmann, 
2002). With the exception of alterations in p53, p27^PS 
and pl6, few molecular meu-kers have been identified 
that could serve as diagnostic aids or therapeutic tar- 

gets for these malignancies (Menon et al., 1990; Hal- 
ling et al., 1996; McCarron and Goldblum, 1998; 
Kourea et al., 1999; Nielsen et al., 1999; Liapis et al., 
1999). 

MPNSTs are believed to arise either spontaneously 
or from preexisting neurofibromas or plexiform neuro- 
fibromas, which are benign peripheral nerve sheath 
tumors composed primarily of Schwann cells and fibro- 
blasts (Morioka et al., 1990). In an earlier study, we 
found that NFl patient MPNST tissue and cells in 
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vitro express high levels and aberrant splice variants of 
the CD44 transmembrane glycoprotein (Sherman et 
al., 1997). Neurofibromas showed relatively unaltered 
CD44 expression, however, compared with normal hu- 
man nerve tissue or cultures of normal himian 
Schwann cells. CD44 proteins have been impUcated in 
cell-cell adhesion, cell migration, growth factor signal- 
ing, and metastasis (reviewed by Sherman et al., 1996; 
Naor et al., 1997). Distinct forms of CD44 are encoded 
by a single gene by alternative RNA splicing of <10 
variant (v) exons and by posttranslational modifica- 
tions. Standard CD44 (CD44s) lacks variant sequences 
and is expressed in many cell types, while splice vari- 
ants are expressed in a hmited number of normal tis- 
sues and in many tumors. High CD44 expression and 
the presence of particular splice variants in tumors 
often correlate with poor patient prognosis. The contri- 
bution of CD44 to MPNST invasion and metastasis has 
not previously been tested. 

Loss of heterozygosity at the NFl locus has been 
demonstrated in neurofibromas and MPNSTs from 
NFl patients (Skuse et al., 1989; Legius et al., 1993; 
Lothe et al., 1995; Sawada et al., 1996; Serra et al., 
1997, 2001; Rasmussen et al., 2000; Perry et al., 2001). 
The NFl gene encodes neurofibromin, a Ras-GTPase 
activating protem (GAP) that converts active, GTP- 
boimd Ras to inactive, GDP-boimd Ras (reviewed by 
Cichowski and Jacks, 2001). NFl mutations lead to 
elevated levels of activated (GTP-bound) Ras in cells 
from NFl tumors, including MPNST cells, (Basu et al., 
1992; DeClue et al., 1992; Sherman et al., 2000a; Guha 
et al., 1996), in turn activating the MAP kinase signal- 
ing cascade. Although Ras activation results in in- 
creased CD44 transcription in some cells (Hofmann et 
al., 1993; Jamal et al., 1994; Kogerman et al., 1996), we 
found that MPNST cells overexpressing the catalytic 
domain of pl20 Ras-GAP and having reduced levels of 
Ras-GTP still expressed high levels of CD44 (Sherman 
et al., 1997). This finding, in conjunction with the fact 
that CD44 expression is not altered in neurofibromas, 
suggests that altered CD44 transcription and splicing 
are linked to MPNST progression through a Ras-inde- 
pendent mechanism. 

DeClue and coworkers reported that MPNSTs from 
both NFl and non-NFl patients, as well as tumors 
from mice with null Nfl and p53 alleles linked in cis 
express the epidermal growth factor receptor (EGFR) 
(DeClue et al., 2000; Li et al, 2002), a transmembrane 
tyrosine kinase receptor that binds members of the 
EGF family of ligands (Hackel et al., 1999; Wells, 
1999). Aberrant EGFR expression is due to gene am- 
plification in at least a subset of high-grade MPNSTs 
(Perry et al., 2002). In numerous other malignancies, 
EGFR amplification has been linked to tumor cell 
growth and invasion (Klapper et al., 2000). Unlike 
MPNSTs, normal Schwann cells lack EGFR, and cells 
comprising neurofibromas only rarely express this re- 
ceptor (Werner et al., 1988; DeClue et al., 2000). EGFR 
expression by MPNSTs may therefore represent a sig- 
nificant step in MPNST progression. 

Interestingly, EGF induces CD44 expression in nu- 
merous cell types (Zhang et al., 1996,1997; Lamb et al., 
1997). Furthermore, an EGF-responsive element was 
recently found in the CD44 promoter that contributes 
to EGF-induced CD44 transcription (Zhang et al., 
1997). Aberrant EGFR expression in MPNST cells may 
therefore influence Ras-MAP kinase-independent sig- 
nals that increase CD44 expression, in turn contribut- 
ing to MPNST invasion and metastasis. We have tested 
these possibilities, using two MPNST cell lines from 
NFl patients. We report that high CD44 expression in 
MPNST cells contributes significantly to their invasive 
behavior in vitro and that elevated CD44 expression 
and MPNST cell invasion depend on Src kinase activity 
but are independent of the constitutively high MAP 
kinase activity in these cells. Furthermore, we have 
found that EGFR contributes, at least in part, to ele- 
vated CD44 expression through a Src-dependent mech- 
anism. 

MATERIALS AND METHODS 
Drugs and Constructs 

The Src inhibitor CGP77675 was the generous gift of 
Dr. Mira Susa (Novartis Pharma Research, Basel, 
Switzerland). The MEK-1 inhibitor U0126 was pur- 
chased from Promega (Madison, WI). Dominant nega- 
tive Src was a gift from Dr. Brigitte Boyer (Institut 
Curie, Section de Recherche, Paris, France). Dominant 
negative EGFR was provided by Axel Ullrich (Max- 
Planck-Institut fur Biochemie, Martinsried, Germany). 
The dominant negative EGFR containing a tyrosine to 
phenylalanine substitution at position 845 of the hu- 
man EGFR sequence was generously provided by 
Sarah Parsons (University of Virginia, Charlottesville, 
VA). Phosphorothioate-modified antisense oligonucleo- 
tides were synthesized at the University of Cincinnati 
Molecular Biology Core Facility and were added di- 
rectly to cells as previously described (Sherman et al., 
2000b). Histone-H2B-green fluorescent protein was a 
gift from Geoffrey Wahl (Salk Institute, La Jolla, CA). 

Cell Culture 

The human MPNST cell lines ST88-14 and 90-8 were 
the generous gifts of Jeff" DeClue (National Cancer 
Institute, Bethesda, MD) and have been previously 
described (DeClue et al., 1992). These cells were main- 
tained in RPMI1640 medium supplemented with 16% 
fetal bovine senmi, 2 mM L-glutamine, 30 |ig/ml bovine 
pituitary extract and Mito+ Serum Extender (Collab- 
orative Research, Bedford, MA) at 37°C in a humidified 
5% CO2 atmosphere. Cells were co-transfected with 
expression vectors (1 |ig/plate) and pBABE-puro (10 
IJig/plate), using lipofectamine (Gibco) according to the 
manufacturer's instructions. Cells were then selected 
for 48 h in the presence of 0.5 fig/ml of puromycin and 
assayed as described below. Proliferation was mea- 
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sured using a bromodeoxyuridine (BrdU) labeling kit 
(BD PharMingen, San Diego, CA) according to the 
manufacturer's instructions. 

In Vitro Invasion Assay 

Cell invasion was measured as previously described 
(Lamb et al., 1997; Sherman et al., 1999). Briefly, 80 jil 
of growth factor-depleted Matrigel (Becton Dickinson) 
diluted 1:1 with ice-cold serum-free DMEM was plated 
into 6.5-mm-diameter, 8-jim-pore transwell filter in- 
serts (Costar). Transwells were then incubated at 37°C 
to solidify the Matrigel, inverted, and a 50-(j,l drop 
containing 1 X 10® cells/ml was plated on the top of the 
inverted filter. After 1 h, the transwells were placed in 
24-well plates with serum-free DMEM and incubated 
for 3 days. Transwells were then rinsed in phosphate- 
bufTered saline (PBS) and incubated in ice-cold meth- 
anol for 15 min at -20°C, dried, washed with PBS, and 
stained with 10 (tg/ml propidium iodide for 15 min at 
room temperature. Stained cells were then washed and 
analyzed using a Zeiss LSM-510 confocal laser scan- 
ning microscope (CLSM). Invasion was quantified by 
measuring the number of propidium iodide-labeled nu- 
clei on the top and bottom of the transwell filter, and at 
10-(un intervals within the Matrigel. For each test 
condition, data are represented as the means of 3 mi- 
croscopic fields X 3 transwells. The percentage of cells 
at any given optical slice was determined as the total 
nimiber of cells (represented by area measurements of 
pixel intensity using Axiovision software from Zeiss) 
observed at that level divided by the total number of 
cells counted at all levels of a particular microscopic 
field of the transwell. 

Immunopreclpitation and Western 
Blot Analysis 

Cells were lysed in ice-cold 50 mM Tris-HCl, pH 7.4, 
containing 150 mM NaCl, 0.5% Nonidet P-40 (NP-40), 
1 mM phenylmethylsulfonyl fluoride (PMSF), and 10 
(jLg/ml leupeptin (Boehringer-Mannheim, Mannheim, 
Germany). Lysates were clarified by centrifiigation at 
14,00Qg at 4°C for 30 min. The protein concentrations 
of the supematants were then determined using a 
Bradford assay (Bio-Rad, Richmond, CA). For immu- 
nopreclpitation, lysates were incubated with 5 (tg/ml of 
primary antibody for 1 h at 4°C, followed by 1 h with 
protein A beads as previously described (Sherman et 
al., 2000b). 

Total cell lysates or washed protein A beads were 
mixed with Laemmli's sample bufier containing 100 
mM DTT and then heated to lOO'C for 4 min. Equal 
amounts of protein were loaded into each lane of a 7% 
sodium dodecyl sulfate (SDS)-polyacrylamide gel. Pro- 
teins were electroblotted onto an Immobilon membrane 
(Millipore, Bedford, MA) and were subsequently 
blocked in 5% dry milk in PBS plus 0.25% Tween 20. 

Membranes were incubated for 1 h at room tempera- 
ture with 2 jig/ml of either the Hermes-3 anti-human 
CD44 antibody (American Type Cell Collection; ATCC), 
anti-actin (sc-7210), anti-EGFR (sc-03), anti-phospho- 
EGFR (sc-12351), anti-Src (sc-19), or anti-cd4k (sc-260; 
Santa Cruz Biotechnology), anti-ERKl/2 or anti- 
ACTIVE MAPK (ERK1/2; Promega). Membranes were 
subsequently washed and then incubated for 30 min 
with the appropriate secondary antibody conjugated to 
horseradish peroxidase (HRP; Jackson Immimore- 
search Laboratories). Proteins were visualized with an 
enhanced chemiluminescence system (ECL; Amer- 
sham, Braunschweig, Germany). 

RESULTS 
Inhibition of Src Kinase Activity, But Not MEK 

Activity, Blocks MPNST Cell Invasion 

Activating mutations in members of the Ras GTP- 
binding protein family have previously been impUcated 
in tumor growth, invasion, and metastasis (reviewed 
by Hemdndez-Alcoceba et al., 2000). As MPNST cells 
from NFl patients have elevated levels of Ras-GTP 
due, at least in part, to loss of neurofibromin, we tested 
whether inhibiting MEK, a downstream target of Ras- 
GTP, could block invasion of the ST8814 MPNST cell 
line derived from an NFl patient (Glover et al., 1991). 
These cells lack neurofibromin (DeClue et al., 1992) 
and have significant levels of constitutive MEK activity 
as measured by levels of phosphorylated ERK, which 
are almost completely abolished by 24-h treatment 
with 30 |xM of the MEK inhibitor U0126 (Fig. lA). 
However, at this and higher concentrations of U0126, 
we observed no inhibition of MPNST cell invasion (Fig. 
IB). These data indicate that the Ras-MAP kinase 
pathway is not required for the invasive phenotype of 
MPNST cells. 

The activities of the Src family of non-receptor ty- 
rosine kinases have also been impUcated in tiunor cell 
invasion (reviewed by Irby and Yeatman, 2000). Src 
activity is significantly higher in metastatic tissues 
than in normal tissues (Talamonti et al., 1993). Fur- 
thermore, v-src, a constitutively activated form of c-src, 
is more potent than activated Ras in generating highly 
metastatic cells (Tatsuka et al., 1996). We therefore 
tested whether Src kinase activity contributes to 
MPNST cell invasion using a potent Src inhibitor, 
CGP77675. This compound inhibits Src activity with 
an IC50 that is 20-fold lower than its ICgo for the re- 
lated kinase, Ick, and 7.5-fold lower than for EGFR 
(Missbach et al., 1999). Compared with controls, 
ST8814 cells treated with CGP77675 demonstrated a 
dose-dependent decrease in MPNST cell invasion, with 
nearly complete inhibition occurring at 10 (jiM (Fig. 
2A-C). Similar results were observed using a second 
MPNST cell line that also lacks neurofibromin (DeClue 
et al., 1992), 90-8 (data not shown). In neither case did 
CGP77675 influence cell proliferation as measured by a 
BrdU incorporation assay: 18 ± 7% of cells treated with 
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Fig. 1. Blocking mitogen-activated protein kinases (MAPK) kinase 
(MEK) activity does not influence malignant peripheral nerve sheath 
tumor (MPNST) cell invasion or CD44 expression in vitro. A: ST8814 
cells were treated with 0, 30, or 50 |iM U0126 for 24 h and then 
assayed for phospho-ERK and CD44 expression by Western blotting. 
Although ERK phosphorylation was dramatically inhibited, there was 
no reduction in CD44 expression. B: Cells were grown on the bottom 
of transwells containing Matrigel and treated with different concen- 

[U01261 

trations of U0126 or vehicle (DMSO). After 3 days, cells that had 
remained on the bottoms of the wells and those tiiat had migrated 
across the transwell filters and into the Matrigel were stained with 
propodium iodide and examined by confocal laser scanning micros- 
copy (CLSM). Shown are the percentages of cells that invaded the 
Matrigel (equal to the percentage of cells that reached 20 (un or 
deeper) at different concentrations of U0126. 

vehicle were positive compared with 22 ± 9% of cells 
treated with CGP77675 after 24 h. These findings in- 
dicate that Src kinase activity contributes significantly 
to the invasive, but not the proliferative, phenotype of 
MPNST cells. 

Src Kinase, But Not MEK, Activity Elevates 
CD44 Expression in MPNSTs 

Activation of both the Ras-MAP kinase pathway and 
Src kinase can induce CD44 transcription in different 
cell types (Hofinann et al, 1993; Jamal et al., 1994; 
Kogerman et al., 1996). Furthermore, Ras activation 
has been linked to the induction of alternative RNA 
spUcing, resulting in the expression of CD44 variants 
that have been implicated in promoting invasion and 
metastasis (Weg-Remers et al., 2001). We therefore 
tested the effects of inhibiting Ras and Src activity on 
CD44 protein expression in MPNST cells. Consistent 
with our previous findings (Sherman et al., 1997), 

ST8814 cells express high levels of several CD44 splice 
variants, ranging from 85 kDa to 200 kDa (Fig. lA). 
However, neither total CD44 levels nor the expression 
of CD44 variants was inhibited by the U0126 MEK 
inhibitor at concentrations that inhibited ERK phos- 
phorylation (Fig. lA). In contrast, the CGP77675 Src 
kinase inhibitor reduced CD44 expression dramatically 
m both ST8814 and 90-8 cells (60-80% compared with 
vehicle controls, determined by scanning densitometry; 
Fig. 3A). This effect was reversible, as cells treated 
with CGP77675 and subsequently grown in the ab- 
sence of drug for 24 h restored high levels of CD44 
expression (Fig. 3A, right). The effect appeared to be on 
the overall levels of CD44 protein expression rather 
than on a specific spUce variant. Consistent with these 
results, dominant negative c-src transiently trans- 
fected into ST8814 cells also reduced total CD44 ex- 
pression (1.7-2.1-fold compared with cells transfected 
with empty vector; Fig. 3B). Together, these data indi- 
cate that Src, but not MEK activity, contributes to 
elevated CD44 expression in MPNST cells. 
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Fig. 2. Inhibition of Src kinase inhibits malignant peripheral nerve 
sheath tumor (MPNST) cell invasion in vitro. Afit Confocal photomi- 
crographs of ST8814 cells stained with propidium iodide at various 
distances (0-40 jim) from the bottom of the transwell filter treated 
with DMSO (A) or 1 pJH CGP77675 (B). Note that CGP77675 inhib- 

(CGP 77675] 

ited migration across the transwell filter as well as invasion into the 
Matrigel. C: Quantification of the experiment depicted in A and B, 
showing that CGP77675 effectively inhibited invasion. Similar results 
were obtained using 90-8 cells. *P < 0.001 based on a Student's (-test. 

CD44 Contributes to the Invasive Phenotype of 
MPNST CeUs In Vitro 

Both CD44 overexpression and loss of expression 
have been implicated in the growth and invasion of 
numerous cancer cell types (reviewed by Naor et al., 
1997). Based on our observation that Src kinase activ- 
ity in MPNST cells both promoted cell invasion and 
elevated CD44 expression, we postulated that aberrant 
CD44 expression by MPNST cells could account for at 
least some of the invasive activity attributed to Src. We 
tested this possibility by reducing total CD44 expres- 
sion using an antisense oUgonucleotide targeted to the 
start site of the CD44 transcript as previously de- 
scribed (Merzak et al., 1994; Lamb et al., 1997; Sher- 
man et al., 2000b). This oUgonucleotide reduced both 
CD44s and CD44 spUce variant expression in ST8814 
cells by 40-70%, as determined by Western blotting 
(Fig. 4). Compared with cells treated with a control, 
scrambled antisense oUgonucleotide (SAS), the inva- 
sive behavior of cells treated with antisense (AS) CD44 
was inhibited significantly (Fig. 4). Reducing CD44 
expression in these cells did not affect cell proliferation 

as assayed by BrdU incorporation (data not shown). 
These findings are consistent with the notion that ele- 
vated expression of aberrant CD44 splice variants con- 
tributes to Src-mediated MPNST cell invasion. 

Aberrant EGFR Expression Contributes 
to High CD44 Levels Through a 

Src-Dependent Mechanism 

Unlike normal Schwann cells, MPNSTs express 
EGFR (DeClue et al., 2000), as mentioned above, and 
EGFR activation has been linked to increased CD44 
transcription (Zhang et al., 1996, 1997; Lamb et al., 
1997). Fiu-thermore, Src kinases, including pp60'"^'^, 
are triggered by EGFR activation (reviewed by Hackel 
et al., 1999). We reasoned that at least some of the 
constitutive Src kinase activity driving CD44 expres- 
sion in MPNST cells could be due to aberrant EGFR 
expression. To determine whether CD44 levels in 
MPNST cells are sensitive to EGFR activation, we as- 
sayed both EGFR phosphorylation and CD44 expres- 
sion levels in ST8814 cells that had been serum- 



CD44 AND Src FACILITATE MPNST INVASION 355 

CGP 77675 
+ 

CD44 

cdk4 

CGP 77675 +24 
hr:   0    24   48 -24 

CD44 ii^-fi 

A 
ng/mltGf:     0     5    10 

(after 7 hr.)  _ 

ICD44 

B 

•- EGFR EGF: 
(10 ng/ml; 

.   . EGFR P 
30 min) 

EGFR 

Src 

B o ti 
o W 
<1> c > -o + + 

lPi»CD44 
— — actin 

. actin 

C-o 
S 

u. li 
O V) 
til LU 

IP: Src 

Fig. 3. Inhibition of Src activity blocks CD44 expression by influ- 
ence malignant peripheral nerve sheath tumor (MPNST) cells. A: 
Total CD44 expression was dramatically inhibited in ST8814 cells 
(left) and 90-8 cells (right) treated with 5 (iM CGP77675. The effect 
was reversible, as cells treated for 24 h in the presence of drug and 
then grown for an additional 24 h in the absence of drug (+24/-24) 
restored their elevated CD44 expression levels. Note that these blots 
were underexposed to determine whether the m^'or CD44 isoform, at 
85 kDa, was influenced as opposed to only the higher-molecular- 
weight spUce variants. B: ST8814 cells transiently transfected with 
dominant negative c-Src demonstrated reduced CD44 levels compared 
with cells transfected with empty vector. 
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Fig. 4. Reducing CD44 expression inhibits influence malignant pe- 
ripheral nerve sheath tumor (MPNST) cell invasion in vitro. ST8814 
cells were treated with 10 jiM of either CD44 antisense (AS) or 
scrambled antisense (SAS) phosphorothioate-protected oligonucleo- 
tides for 24 h and then plated onto trans wells in the presence of fresh 
oUgonucleotides for 4 days and assayed for invasion as described 
above. CD44 expression was reduced in the presence of antisense 
CD44 by 40-70% (inset). Compared with cells treated with the SAS 
control oUgonucleotide, invasion was inhibited in cells expressing 
reduced levels of CD44. *P < 0.001 based on Student's «-test. 

Starved for 24 h and then treated with EGF for 
different times (7-48 h). In the absence of added EGF, 
there was a weak level of constitutive EGFR phosphor- 
ylation and a significant level of CD44 (Fig. 5A). Nei- 
ther constitutive EGFR phosphorylation nor this basal 

CDi4 

Fig. 5. Constitutive activation of epidermal growth factor receptor 
(EGFR) contributes to elevated CD44 expression in influence maUg- 
nant peripheral nerve sheath tumor (MPNST) cells. 

A: ST8814 cells were serum starved for 24 h and then treated with 
0, 5, or 10 ng/ml recombinant human EGF for 7 h. Cells were then 
assayed for EGFR phosphorylation and CD44 expression by Western 
blotting. Note that there is a low level of constitutive EGFR phosphor- 
ylation in untreated cells and that phosphorylation is induced approx- 
imately 10-fold in the presence of EGF. CD44 expression is only 
slightly (2-2.5 fold, as determined by scanning densitometry) in- 
creased by the addition of EGF. B: ST8814 cells treated with 10 ng/ml 
of EGF for 30 min were lysed and immunoprecipitated with an anti- 
c-Src monoclonal antibody. A significant amoimt of EGFR co-immu- 
noprecipates with Src kinase in the presence, but not the absence, of 
EGF. C: ST8814 cells were transiently co-transfected with pBABE- 
puro (for puromycin resistance) and a dominant negative EGFR lack- 
ing the entire kinase domain (dnEGFR), a dominant negative EGFR 
construct with a mutation in the Src-association domain of the cyto- 
plasmic tail (dnEGFR-src), or empty vector. After selection in pim)- 
mycin, cells were assayed for CD44 expression by Western blotting. 
Note that compared with vector controls, both dnEGFR and dnEGFR- 
src inhibited CD44 expression by approximately 2-fold. 

Cp44 expression was inhibited vnth an EGFR neutral- 
izing antibody at concentrations that inhibited EGFR 
phosphorylation in the presence of added EGF (data 
not shown). When either 5 or 10 ng/ml EGF was added 
to serum-starved cells, we observed an increase in 
EGFR phosphorylation and a 2-2.5-fold increase in 
CD44 protein expression (Fig. 5A). Higher levels of 
CD44 were not observed in cells treated with more 
EGF for longer or shorter times (data not shown). In 
serum-starved ST8814cells, ppeO"""^ did not co-immu- 
noprecipitate with EGFR at detectable levels (Fig. 5B). 
However, significant levels of pp60'='°"^ did associate 
with EGFR vdthin 30 min of adding 10 ng/ml of EGF 
(Fig. 5B). 

To investigate further whether CD44 expression and 
Src kinase activation are linked to EGFR activity in 
MPNST cells, we transiently transfected ST8814 and 
90-8 cells vdth either a dominant negative EGFR lack- 
ing the entire kinase domain (dnEGFR) or a dominant 
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negative EGFR containing a tyrosine to phenylalanine 
substitution at position 845 of the human EGFR se- 
quence (dnEGFR-src). Previous studies demonstrated 
that Src kinase phosphorylation at this tyrosine resi- 
due of EGFR is critical for downstream EGFR signal- 
ing (Biscardi et al., 1999). Both dominant negative 
EGFR constructs resulted in decreased (1.8-2.2-fold) 
CD44 expression compared with cells transfected with 
empty vector alone (Fig. 50). Based on estimates with 
a co-transfected H2B-GFP construct, only 5-7% of cells 
were transfected in any given experiment. Further- 
more, the cells did not tolerate prolonged drug selec- 
tion, and up to 60% of the cells harvested for Western 
blotting in these experiments were untransfected. Most 
likely, the effects of the dominant negative constructs 
are underestimated. Collectively, these data indicate 
that at least some of the Src kinase activity contribut- 
ing to elevated CD44 levels in MPNST cells results 
from aberrant EGFR expression. 

DISCUSSION 

Our data indicate that CD44 overexpression is 
driven by Src kinase activity, but not by activation of 
the Ras-MAP kinase pathway in MPNST cells, and 
that this aberrant CD44 expression contributes to 
MPNST invasion. MPNSTs, therefore, behave differ- 
ently from another neural crest-derived malignancy, 
neuroblastomas, in which loss of CD44 expression cor- 
relates with poor patient prognosis and increased in- 
vasive behavior (Combaret et al., 1997; Gross et al., 
2000). Our data further suggest that at least some of 
the Src activity driving CD44 expression in MPNST 
cells is linked to overexpression of EGFR. 

MPNSTs have both elevated levels of CD44s, ex- 
pressed at low levels by normal adult Schwann cells, as 
well as abnormal expression of numerous CD44 splice 
variants (Sherman et al., 1997). Therefore, it is possi- 
ble that elevated CD44 expression per se does not in- 
fluence invasion, but rather that specific splice vari- 
ants contribute to this phenotype (reviewed by Naor et 
al., 1997). It should be noted, however, that there is no 
predictive pattern of CD44 splice variant expression in 
MPNST cells or tissues, making it unlikely that any 
particular splice variant product contributes directly to 
MPNST cell invasion (Sherman et al., 1997). Further- 
more, in contrast to previous reports in other cell types 
(Weg-Remers et al., 2001), the expression of CD44 vari- 
ants was independent of MEK activity in MPNST cells. 
It is therefore possible that other signaling cascades 
influence CD44 alternative RNA splicing and that how 
such signaling cascades influence splicing is different 
in distinct cell types. 

Previous studies of ST8814 cells indicated that in- 
hibiting Ras activity, using a famesyltransferase in- 
hibitor that prevents the association of Ras proteins 
with the plasma membrane, inhibited both anchorage- 
dependent and -independent growth (Yan et al., 1995). 
Similar results were obtained in mouse Schwann cells 

with Nfl mutations (Kim et al., 1997). However, inhi- 
bition of famesyltransferase activity failed to inhibit 
the invasive properties of A//!/-null mouse Schwann 
cells. NFl neuroflbromas did not exhibit elevated CD44 
expression, even though they probably had elevated 
Ras activity (Sherman et al., 1997). Collectively, these 
data suggest that elevated Ras-GTP levels in MPNSTs 
do not promote the invasive phenotype of tvunors asso- 
ciated with NFl. 

Interestingly, both MPNST cells from NFl patients 
and timiors derived from mice harboring both Nfl and 
p53 mutations proliferate in response to EGF (DeClue 
et al., 2000; Li et al., 2002). EGFR activation by extra- 
cellular ligands or via cross-talk with other signaling 
pathways triggers numerous downstream signaling 
cascades (Hackel et al., 1999; Wells, 1999). In addition 
to pp60"'^", these cascades include signals from the 
Ras-MAP kinase and phospholipase C-7 pathways. In 
the mouse tumors, EGF-induced proliferation was in- 
hibited by either an inhibitor of phosphatidylinositol 
3'-kinase (PI3k) or the U0126 MEK inhibitor (Li et al., 
2002). EGFR overexpression may therefore further in- 
crease the already high Ras-GTP levels and MAP ki- 
nase activity of MPNST cells. Constitutive activation of 
the Ras-MAP kinase and PI3k pathways through loss 
of neurofibromin, expression of EGFR and possibly 
other changes would thus cooperatively result in in- 
creased proliferation in MPNSTs. However, we propose 
that EGFR expression and likely other alterations also 
lead to activation of Src kinases and, subsequently, 
increased CD44 expression and invasion. Inhibiting 
Src activity can also inhibit EGF-induced PI3k activa- 
tion in rat hepatocytes (Kong et al., 2003), and EGF- 
induced PI3k activity can promote tumor cell motility 
and invasion (e.g. Price et al., 1999; EUerbroek et al., 
2001). Nonetheless, the lack of an effect of CGP77675 
on MPNST cell proliferation suggests that Src is not 
required for PI3k activation in MPNST cells, since 
inhibiting PI3k directly blocks cell proUferation. This 
does not rule out the possibility that PI3k can contrib- 
ute to MPNST cell invasion. Interestingly, Schwann 
cells from neuroflbromas are also invasive (Sheela et 
al., 1990). Whether Src kinase or PI3k activity contrib- 
utes to the invasive phenotype of these cells remains to 
be determined. 

The flnding that a Src inhibitor can lower MPNST 
cell invasion is signiflcant in light of the numerous 
drugs being developed that inhibit Src activity. 
CGP77675 also inhibits other members of the Src W- 
nase family, including Lck and Yes (Missbach et al., 
1999). Therefore, it is imclear whether ppeO""^"" or an- 
other related kinase is critical for MPNST cell inva- 
sion. Nonetheless, our transient transfection studies 
also support a role for Src kinases in MPNST CD44 
expression and invasion. Although targeting EGFR 
with an already available array of antagonists may be 
a fruitful approach to treating MPNSTs, it remains 
unclear whether other alterations in MPNST cells also 
contribute to their invasive and proliferative pheno- 
types. An alternative would be to use combinations of 
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drugs to inhibit signaling cascades downstream of re- 
ceptor tyrosine kinases and that address both prolifer- 
ation and metastasis. Putative candidates are Src ki- 
nase inhibitors, in conjunction with famesyltrans- 
ferase, MEK, or PI3k inhibitors. 
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Abstract 

Malignant peripheral nerve sheath tumors (MPNST) are invasive peripheral nerve 

neoplasms that express both the receptor tyrosine kinase c-Met and its ligand hepatocyte 

growth factor (HGF). The combined expression of these proteins has been implicated in 

tumor cell growth and metastasis. However, HGF/c-Met autocrine activity requires the 

presence of a serine protease, the HGF activator (HGFA), and, in some cells, the CD44 

transmembrane glycoprotein. Here, we found that HGFA, HGF, c-Met and CD44 are co- 

expressed in MPNSTs but their localization did not correlate with increased cell 

proliferation. The ST8814 MPNST cell line also expresses all of these proteins, can 

convert pro-HGF to active HGF, and exhibits constitutive c-Met phosphorylation. 

Blocking c-Met activity or expression inhibits the invasive behavior of these cells but not 

their proliferation. Interestingly, although a CD44 spUce variant contributes to MPNST 

cell invasion and interacts with c-Met and HGF in ST8814 cells, it is not required for c- 

Met activation. These data indicate that an HGF/c-Met autocrine loop can promote 

MPNST invasion through a CD44-independent mechanism, and suggest that c-Met, 

HGFA, and HGF are potential molecular targets to inhibit MPNST metastasis. 



Introduction 

Malignant peripheral nerve sheath tumors (MPNSTs) are aggressive malignancies 

that arise within peripheral nerves either spontaneously or from preexisting Schwann cell 

tumors, especially plexiform neurofibromas (Sangueza and Requena 1998; Morioka et 

al., 1990; Ducatman et al., 1986; Sordillo et al., 1981). Although extremely rare in the 

general clinical population (incidence of 0.001%), MPNSTs arise in 8-13% of patients 

with neurofibromatosis 1 (NFl), a disease characterized by multiple neurofibromas and 

an increased susceptibility to other cancers (Evans et al., 2002; Ferner and Gutmann et 

al., 2002). These tumors are highly metastatic and tend to recur after resection and local 

radiation therapy. Their aggressive clinical behavior and resistance to conventional 

therapies make MPNSTs a major factor contributing to NFl patient mortality, with 

affected individuals usually surviving less than five years after diagnosis (Wong et al., 

1998; Ducatman et al., 1986; Ghosh et al., 1973; White et al., 1971). 

Although numerous genes that have been implicated in cancer cell growth and 

metastasis are aberrantly expressed in MPNSTs (DeClue et al., 2000; Kourea et al., 1999; 

Nielsen et al., 1999; Liapis et al., 1999; McCarron et al., 1998; Sherman et al., 1997; 

Hailing et al., 1996; Menon et al., 1990), their contribution to MPNST progression is not 

clear. The combined expression of two such genes, the receptor tyrosine kinase c-Met 

and its ligand, hepatocyte growth factor (HGF; also called scatter factor), have been 

implicated in the growth and metastasis of numerous carcinomas (reviewed by Jiang et 

al., 1999). Normal rodent Schwann cells express c-Met but not HGF, and HGF promotes 

Schwann cell mitogenesis (Krasnoselsky et al., 1994). However, HGF and c-Met are 

concomitantly expressed in MPNSTs (Watanabe et al., et al., 2001; Rao et al., 1997), in 



neurofibromas (Watanabe et al., et al, 2001; Fukuda et al, 1998; Rao et al., 1997), and in 

schwannomas (Moriyama et al., 1998). These data suggest that HGF and c-Met together 

may form an autocrine signaling loop that promotes the phenotypes of MPNSTs and 

other peripheral nerve sheath tumors. 

HGF is a heparin binding protein that is normally produced by a variety of 

mesenchymal cells and acts as a paracrine mitogen, motogen and morphogen for 

epithelial cells that express c-Met (reviewed by Zhang and Vande Woude, 2003). Cells 

secrete HGF as an inactive zymogen that is activated by proteolytic cleavage at residues 

Arg494-Val495 (Naka et al., 1992; Naldini et al., 1992; Lokker et al., 1992). A specific 

serine protease that induces HGF activation, called HGF activator (HGFA), was purified 

from serum based on its biological activity (Miyazawa et al., 1996; Miyazawa et al., 

1993). Thus, tumor cells with HGF/c-Met autocrine activity would need to either express 

HGFA or be in the vicinity of cells that express HGFA or a related protease. In this 

regard, the activation of c-Met in colorectal carcinomas appears to depend on the 

expression of aberrantly expressed HGFA by the carcinoma cells themselves (Kataoka et 

al., 2000). 

Another protein that has been implicated in promoting c-Met activation by HGF is 

the CD44 transmembrane glycoprotein. CD44 plays roles in cell-cell and cell-matrix 

adhesion, activation of high affinity growth factor receptors, and tumor growth and 

metastasis (reviewed by Ponta et al., 2003). Tumor cells, including MPNSTs (Sherman et 

al., 1997), express a large number of distinct CD44 proteins as a result of alternative 

RNA splicing of up to 10 variant exons (CD44vl-vl0). In one study, CD44 variants that 

include sequences encoded by exon v3, which can be modified by heparin sulfate. 



promoted c-Met activation by HGF in a lymphoma cell line co-transfected with CD44 

and c-Met (Van der Voort et al., 1999). However, another study demonstrated that 

CD44v6 sequences interacted with c-Met and HGF and were required for c-Met 

activation and downstream signaling in response to HGF (Orian-Rousseau et al., 2002). It 

is possible, therefore, that HGF/c-Met autocrine signaling in tumors may also require the 

presence of particular CD44 splice variant-encoded proteins. 

Here, we tested the possibility that HGF and c-Met form a functional autocrine 

loop in MPNSTs, and whether c-Met activation contributes to MPNST growth and 

metastasis. We find that HGF, HGFA, c-Met and CD44 co-localize in distinct regions 

within MPNSTs. Furthermore, we demonstrate that in a cell line that expresses all four 

of these proteins, c-Met activation is not required for MPNST proliferation but can 

potently contribute to the invasive phenotype of these tumor cells through a CD44- 

independent mechanism. 



Materials and Methods 

MPNST Tissues 

Tumors were obtained as paraffin-embedded specimens from pathologically 

determined MPNSTs arising in 9 patients with a known diagnosis of NFl, based on the 

NIH Consensus Development Conference criteria {Arch Neurol. 1988; 45:575-8). 

Specimens were acquired and used in accordance with established human studies 

protocols at Washington University, St. Louis. 

Cell Culture 

The human MPNST cell lines ST88-14,90-6 and 90-8 were the generous gifts of 

Jeff DeClue (National Cancer Institute, Bethesda, MD) and have been previously 

described (DeClue et al., 1992). These cells were maintained in RPMI1640 medium 

supplemented with 16% fetal bovine serum, 2 mM L-glutamine, 30 //g/ml bovine 

pituitary extract and Mito-i- Serum Extender (Collaborative Research, Bedford, MA) at 

37°C in a humidified 5% CO2 atmosphere. Proliferation was measured using a 

bromodeoxyuridine (BrdU) labeling kit (BD PharMingen, San Diego, CA) according to 

the manufacturer's instructions. Stable clones of ST8814 cells expressing either the 

pUl/met ribozyme or the control pUl empty vector were established as previously 

described (Abounader et al., 1999). Clones carrying the pUl/met construct with at least 

40% reduction in c-Met expression were expanded and analyzed further. 

The following antibodies were used for HGF/c-Met function blocking assays: 

anti-human HGF (clone 24612.111; Sigma); Normal mouse IgG (Sigma); Mouse IgGl 

(isotype control; R&D Systems); anti-CD44v6 (BMS125; Bender Medsystems); ant- 



CD44v3 (BMS144; Bender Medsystems); anti-HCAM (standard CD44 clone 5F12; 

NeoMarkers). Human recombinant HGF was purchased from Sigma. 

In vitro invasion assay 

Cell invasion was measured as previously described (Lamb et al., 1997; Sherman 

et al., 1999; Su et al., 2003). Briefly, 80 //I of growth factor-depleted Matrigel (Becton- 

Dickenson) diluted 1:1 with ice cold serum-free DMEM was plated into 6.5 mm 

diameter, 8 pim pore size transwell filter inserts (Costar). Transwells were then incubated 

at 37°C to solidify the Matrigel, inverted, and a 50 ]A drop containing 1 x 10* cells/ml 

was plated on the top of the inverted filter. After 1 hr., the transwells were placed in 24 

well plates with serum free DMEM and incubated for 3 days. Transwells were then 

rinsed in PBS and incubated in ice-cold methanol for 15 min. at -20°C, dried, washed 

with PBS, and stained with 10 jig/ml propidium iodide for 15 min. at room temperature. 

Stained cells were then washed and analyzed using a Zeiss LSM-510 laser confocal 

microscope. Invasion was quantified by measuring the number of propidium iodide 

labeled nuclei on the top and bottom of the transwell filter, and at 10 pim intervals within 

the Matrigel. For each test condition, data are represented as the means of 3 microscopic 

fields X 3 transwells. The percentage of cells at any given optical slice was determined as 

the total number of cells (represented by area measurements of pixel intensity using 

Axiovision software from Zeiss) observed at that level divided by the total number of 

cells counted at all levels of a particular microscopic field of the transwell. 



Immunoprecipitation and Western blot analysis 

Cells were lysed in ice cold 50 mM Tris-HCl pH 7.4 containing 150 mM 

NaCl, 0.5% Nonidet P-40,1 mM phenyl-methylsulfonyl fluoride and 10 fig/ml 

leupeptin (Boehringer Mannheim, Mannheim, Germany). Lysates were clarified 

by centrifugation at 14,000 g at 4°C for 30 minutes. The protein concentrations of 

the supernatants were then determined using a Bradford assay (Biorad, 

Richmond, CA). For immimoprecipitations, cells were incubated with 5 ]Ug/ml 

of primary antibody for 1 hr. at 4°C, followed by 1 hr. with protein A beads as 

previously described (Sherman et al., 2000). 

Total cell lysates or washed protein A beads were mixed with Laemmli's sample 

buffer containing 100 mM DTT then heated to 100°C for 5 minutes. Equal amounts of 

protein were loaded into each lane of a 7% SDS-polyacrylamide gel. Proteins were 

electroblotted onto an Immobilon membrane (Millipore Corp., Bedford, MA) and were 

subsequently blocked in 5% dry milk in PBS plus 0.15% Tween 20. Membranes were 

incubated for 1 hr. at room temperature with 2 y.glm\. of either the Hermes-3 anti-human 

CD44 antibody (1:1000) from ATCC or anti-actin (1:500; 1-19), anti-h-met (1:500; C- 

28), anti-HGF (1:500; C20), anti-phospho-tyrosine (1:500; PY99), or anti-egr-1 (1:500; 

C-19) antibodies from Santa Cruz Biotechnology. For c-Met immunoprecipitations, we 

used an anti-met antibody (clone DO-24; Upstate Biotechnology) at l;<l/500 /<g total 

protein. After probing with primary antibodies, membranes were washed and incubated 

for 30 min with the appropriate secondary antibody conjugated to horseradish peroxidase 

(Jackson Immunoresearch Laboratories). Proteins were visualized using an enhanced 

chemiluminescence system (Amersham, Braunschweig, Germany). 



Immunohistochemistry 

Paraffin sections and cultured cells were labeled as previously described 

(Sherman et al., 1997) using the following antibodies: Ki67 (1:50; Novocastra 

Laboratories); HGFa (1:25, following antigen retrieval with 0.1% trypsin at 37°C for 30 

minutes before incubation with blocking buffer; Santa Cruz Biotechnology); HGFA-S 

(1:25, following antigen retrieval in 0.01 M sodium citrate buffer, pH 6.0 with heating by 

microwave for 5 minutes before blocking); h-Met (1:50; Santa Cruz Biotechnology); and 

Hermes-3 (1:50; ATCC). AF488-conjugated anti-rabbit IgG (to detect HGFa and h-Met), 

AF546-conjugated anti-goat IgG (to detect HGFA-S), and AF546-conjugated anti-mouse 

IgG (to detect Ki-67 and CD44) were all used at 1:500 and were purchased from 

Molecular Probes. 

Results 

c-Met co-localizes with HGF, HGFA, and CD44 in distinct regions ofMPNST tissues 

Although previous studies had found that c-Met and HGF are co-expressed in 

MPNSTs, the presence of an HGF/c-Met autocrine loop had not previously been 

investigated in these tumors. A functional autocrine loop would require the presence of 

both HGF and c-Met as well as HGFA and possibly other proteins, such as CD44, that 

promote c-Met activation. We therefore tested if each of these proteins are expressed and 

co-localize in sections of MPNSTs from patients with NFl. In all of the tumors examined 

(n=9), c-Met, HGF, HGFA and CD44 co-localized with one another, but only in distinct 

regions within the tumors (for example see Fig. la). Although c-Met and CD44 were 



widely distributed throughout these tumors, HGF and HGFA tended to have a more 

distinct localization (Fig. la, lower panels). No obvious histological features 

distinguished areas where all four proteins co-locaHzed from other regions of the tumors 

(data not shown). Furthermore, there was no correlation between c-Met expression or c- 

Met/HGF co-localization and increased proliferation, as assessed by labeling with an 

anti-Ki-67 antibody (Fig. lb). These findings indicate that some but not all tumor cells 

within MPNSTs express the necessary combination of proteins required for an HGF/c- 

Met autocrine loop. These data further suggest that while HGF/c-Met autocrine activity 

may influence some MPNST cell behaviors (e.g. invasion) it does not promote tumor cell 

proliferation. 

CD44, HGF, and c-Met interact with one another in an MPNST cell line 

We previously found that CD44 could contribute, at least in part, to the invasive 

phenotype of MPNST cells in vitro (Su et al., 2003). As CD44 co-localizes with c-Met, 

HGF and HGFA in regions within MPNST tissues, we reasoned that CD44 may 

contribute to the invasive phenotype of MPNST cells by promoting c-Met activation. We 

therefore evaluated three established NFl patient MPNST cell lines (ST8814,90-8 and 

90-6) for co-expression of c-Met, HGF, HGFA and CD44. Of these three cell lines, only 

the ST8814 cell Une expressed all four proteins at significant levels (Fig. 2a). Consistent 

with previous findings in other cell types (Orian-Rousseau et al., 2002), both c-Met and 

multiple CD44 splice variants co-immunoprecipitated with HGF in ST8814 cell lysates 

(Fig. 2b) and CD44 co-localized with c-Met at ST8814 cell membranes (Fig. 2c).   These 

data indicate that CD44 and c-Met can form complexes in MPNST cells. 



One or more CD44v6 splice variants can contribute to MPNST cell invasion 

We previously found that MPNST cells express multiple CD44 proteins encoded 

by variant exons, including several transcripts with the CD44v6 and CD44v3 sequences 

(Sherman et al., 1997). As CD44v6 and CD44v3 spKce variant-encoded CD44 proteins 

have been implicated in c-Met activation in some cancer cell lines (Orian-Rousseau et al., 

2002; Van der Voort et al., 1999), we explored the possibility that CD44 variants with 

these particular sequences contribute to MPNST cell invasion. Interestingly, a CD44v6 

antibody partially inhibited ST8814 cell invasion compared to untreated cells and cells 

treated with an isotype-matched non-specific immunoglobuhn (Fig. 3). Higher 

concentrations of antibody failed to further inhibit cell invasion (data not shown). In 

contrast, a CD44v3 antibody had no effect on ST8814 cell invasion (Fig. 3). These data 

are consistent with the notion that CD44 proteins with the CD44 exon v6-encoded 

sequence can contribute to MPNST cell invasion. 

An HGFIc-Met autocrine loop promotes MPNST cell invasion in vitro 

As CD44v6 has been implicated in promoting c-Met activation, and since 

multiple CD44 proteins associate with c-Met in ST8814 cells, we utilized a quantitative 

invasion and motility assay (Lamb et al., 1997; Sherman et al., 1999; Su et al., 2003) to 

assess how inhibiting c-Met activity in ST8814 cells influenced their invasive behavior. 

We generated stable clones of ST8814 cells that expressed either an anti-c-Met ribozyme 

or empty vector. We chose three clones that expressed significantly less c-Met than 

either parental cells or vector control clones (Fig. 4a). Invasion was dramatically 



inhibited in all three clones expressing reduced levels of c-Met (clones "1", "2" and "3") 

compared to vector control ("U") and parental cells (Fig. 4a). In these lines, the 

magnitude of the decrease was proportional to the level of c-Met downregulation. The 

remaining c-Met protein in these clones demonstrated low or undetectable levels of 

phosphorylation as assessed by western blotting of immunoprecipitated c-Met with an 

anti-phosphotyrosine antibody (data not shown). These findings indicate that c-Met 

contributes significantly to cellular signals that promote MPNST cell invasion. 

To test if c-Met can be constitutively activated in MPNST cells through an 

HGF/c-Met autocrine loop, we tested if c-Met phosphorylation and MPNST cell invasion 

were influenced by blocking HGF-induced c-Met activation. As above, ST8814 cells 

exhibited constitutive c-Met phosphoryaltion in serum-free medium that could be blocked 

by an HGF-neutralizing antibody in a dose-dependent manner (Fig. 4b). At 

concentrations that inhibited c-Met phosphorylation (30 ;/g/ml) this antibody almost 

completely blocked ST8814 cell invasion (Fig. 4b). Untreated cells and cells treated with 

a control immunoglobulin were equally invasive. Furthermore, we found that ST8814 

cells could convert exogenous pro-HGF into mature HGF that further induced c-Met 

phosphorylation (Fig. 4c). Collectively, these data indicate that an HGF/c-Met autocrine 

loop can promote the invasive phenotype of MPNST cells. 

Autocrine activation of c-Met does not promote MPNST cell proliferation 

In light of our observation that Ki-67 staining was not increased in regions of 

MPNST tissues where c-Met, HGF, HGFA and CD44 co-localized, we tested if reducing 

c-Met expression in ST8814 cells influenced their rate of proliferation. Consistent with 



our observations in MPNST tumor sections, cell counts (not shown) and BrdU 

incorporation assays (Fig. 4d) failed to demonstrate any differences in proliferation 

between parental, vector control, and c-Met-ribozyme-expressing ST8814 cells. These 

data suggest that c-Met activation does not significantly influence MPNST cell 

proliferation. 

c-Met activation occurs in MPNST cells through a CD44-independent mechanism 

The CD44v6 antibody utilized in our studies was previously reported to inhibit 

HGF-induced c-Met phosphorylation (Orian-Rousseau et al., 2002). We therefore 

examined the possibiUty that the HGF/c-Met autocrine loop in MPNST cells requires 

CD44v6 for c-Met activation. However, at concentrations that inhibited ST8814 cell 

invasion (Fig. 5a) and at higher concentrations (data not shown) the CD44v6 antibody 

had no significant effect on the induction of c-Met phosphorylation in the presence of 

exogenous HGF. Furthermore, neither anti-CD44v6, anti-CD44v3 (Fig. 5b) or pan-CD44 

(Hermes-3; not shown) antibodies had any effect on constitutive c-Met phosphorylation 

in ST8814 cells. These data indicate that although CD44 may associate with c-Met in 

MPNST cells, it is not required for c-Met activation in response to paracrine or autocrine 

sources of HGF. 

A recent report implicated c-Met activation in the induction of CD44 expression, 

particularly the expression of splice variants that include CD44v6-encoded sequences, 

through a mechanism that depends on induction of the Egr-1 transcription factor (Recio 

and Merlino, 2003). We therefore tested the possibility that c-Met activation influences 

CD44 expression in ST8814 cells. First, serum-starved cells were treated with HGF for 



times ranging from 2 to 24 hours, then assayed for differences in total CD44 expression 

and the expression of CD44 proteins containing particular CD44 splice variants by 

western blotting. Although Egr-1 expression increased 2-fold (as determined by scanning 

densitometry) within 2 hours of HGF treatment, no differences in CD44 expression could 

be detected at any of the times that were examined (Fig. 5c). In a separate set of 

experiments, CD44 expression was examined in clones of ST8814 cells expressing the c- 

Met ribozyme compared to cells stably expressing empty vector. Egr-1 expression was 

almost completely inhibited in cells with reduced levels of c-Met (Fig. 5d) but the 

expression of different CD44 proteins, as assessed using anti-pan-CD44, anti-CD44v3 

and anti-CD44v6 antibodies, was unaltered (Fig. 5d). Collectively, these data indicate 

that c-Met activation does not contribute to the aberrant CD44 expression of MPNSTs. 

Discussion 

We report here that subpopulations of cells in MPNSTs from patients with NFl 

co-express HGF, HGFA, and c-Met, a combination of proteins that is predicted to support 

the activity of an HGF/c-Met autocrine loop. We further find that an MPNST cell line 

that similarly expresses each of these proteins can convert pro-HGF into active HGF and 

has constitutively elevated c-Met activity that can be blocked by an HGF-neutralizing 

antibody, indicating that these cells have HGF/c-Met autocrine activity. Blocking this 

autocrine loop dramatically inhibits the invasive behavior of these cells. In contrast, this 

autocrine loop does not appear to contribute to MPNST cell proliferation either in vitro or 

in situ. Based on these findings, we hypothesize that the combined expression of HGFA, 



HGF and c-Met identifies cells within MPNSTs that have the greatest potential to 

metastasize from the primary tumor. 

We also found that a CD44v6 antibody, but not a CD44v3 or standard CD44 

antibody, partially inhibited MPNST cell invasion. This finding is consistent with our 

previous observation that lowering total CD44 expression using antisense 

oligonucleotides could also partially inhibit MPNST cell invasion in vitro (Su et al., 

2003). A perplexing outcome of the current study, however, is that while we were able to 

show that CD44, c-Met and HGF can associate with one another in lysates from an 

MPNST cell line, our data indicate that CD44 does not influence c-Met phosphorylation. 

In contrast, an HGF-neutralizing antibody that completely blocked c-Met 

phosphorylation almost completely blocked cell invasion. These findings differ from 

previous studies, which indicated that CD44v3 could promote c-Met activation through 

heparin sulfate-HGF interactions (Van der Voort et al., 1999) and that CD44v6 promoted 

HGF-dependent activation of c-Met and c-Met-dependent mitogen-activated protein 

kinase (MEK) activity (Orian-Rousseau et al., 2002). One interpretation of our findings is 

that CD44 proteins are not absolutely required for c-Met signaling in all cell types. It is 

possible therefore that reducing CD44 expression or treating cells with CD44 antibodies 

can interfere with downstream signaling cascades that are activated by c-Met to influence 

tumor cell invasion. Indeed, several studies have shown that CD44v6 antibodies can 

influence cellular behaviors through altered cell signaling instead of through alterations 

in extracellular interactions with the exon v6-encoded epitope (e.g. Khaldoyanidi et al., 

2002). Alternatively, CD44 may only enhance MPNST cell invasion if c-Met is 

activated. This could explain why MPNST cell invasion is only partially influenced by 



both CD44 antibodies and by lowering total CD44 expression, while invasion is almost 

abolished in the absence of activated c-Met. 

Another Unk between c-Met and CD44 has been suggested by the finding that c- 

Met activation can induce CD44 transcription through induction of Egr-1 (Recio and 

Merlino, 2003). However, we were unable to detect changes in CD44 expression in 

clones of MPNST cells that expressed a c-Met ribozyme and which had dramatically 

reduced Egr-1 expression, or in cells treated with HGF. The elevated CD44 expression 

and aberrant RNA splicing in these cells is likely to be driven, therefore, by a c-Met- 

independent pathway. 

Although normal Schwann cells express c-Met they do not express HGF 

(Krasnoselsky et al., 1994). Interestingly, sustained activation of c-Src, a non-receptor 

tyrosine kinase implicated in tumor cell invasion (Irby and Yeatman, 2000), stimulates 

HGF expression in carcinoma cells (Hung and Elliott, 2001). We previously reported that 

inhibition of Src expression or Src activity, but not MEK activity, inhibited MPNST cell 

invasion in vitro (Su et al, 2003). Although at least part of this inhibition could be linked 

to reduced CD44 expression, it is conceivable that elevated Src activity in these cells 

drives their aberrant HGF expression. Furthermore, Src kinase associates with c-Met after 

receptor activation and contributes to HGF-induced motility in mammary carcinoma cells 

(Rahimi et al., 1998). Src kinase inhibitors may, therefore, block MPNST cell invasion 

through several pathways that include lowering CD44 expression, preventing HGF 

synthesis, and blocking downstream signaling by c-Met. 

Based on our findings, we propose that the HGF/c-Met autocrine loop in cells 

within MPNSTs is a potential target for adjuvant therapies that aim to prevent or reduce 



MPNST metastasis. Although there have been only hmited attempts at developing pre- 

clinical therapies aimed at inhibiting c-Met activation, several studies have shown 

promising results using different approaches. For example, a combination of HGF- 

neutralizing monoclonal antibodies inhibited the growth of a number of tumor lines that 

depend on c-Met activity in athymic nu/nu mice, including a high grade human glioma 

(Cao et al., 2001). In another study, treatment of animals bearing intracranial glioma 

xenografts with anti- HGF and anti-c-Met ribozymes by either intratumoral injections of 

adenoviruses expressing the transgenes or intravenous injections of ribozyme-liposome 

complexes substantially inhibited tumor growth and promoted animal survival 

(Abounader et al., 2002). Future studies will determine whether these or related 

approaches can be similarly effective in blocking MPNST metastasis. 
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Figure Legends 

Figure 1: HGF, CD44, HGFA and c-Met co-localize in MPNST tissues. (A) Paraffin 

sections of MPNSTs from 9 NFl patients were labeled with antibodies recognizing HGF, 

CD44, HGFA and c-Met. Shown are two adjacent sections from one patient double 

labeled with HGF and CD44 as well as HGFA and c-Met. Note that all four proteins co- 

localized in subsets of cells. The four lower panels are low power images, showing the 

variable distribution of HGF and HGFA compared to CD44 and c-Met, respectively. 

Arrows indicate areas of CD44-HGF co-localization. (B) Sections from three different 

patients double-labeled with Ki-67 (in red) and c-Met (in green), showing that both c-Met 

positive and negative cells are proliferating in these tumors. 

Figure 2: CD44 associates with c-Met and HGF in ST8814 cells. (A) Western blot 

showing that HGF, HGFA, c-Met and CD44 are all expressed at significant levels in the 

ST8814 MPNST cell line. (B) ST8814 cell lysates were immunoprecipitated with an 

HGF antibody, blotted, and probed with anti-HGF, anti-c-Met and anti-CD44 antibodies. 

Note that CD44 co-immunoprecipitates with c-Met and HGF. (C) Double-labeling 

immunocytochemistry showing co-localization of c-Met (red) and CD44 (green) at the 

membranes of ST8814 cells. 

Figure 3: An anti-CD44v6 antibody inhibits ST8814 cell invasion. ST8814 cells were 

treated with CD44v3, CD44v6 or isotype matched control antibodies and analyzed for 

changes in invasion. Note that the CD44v6 antibody partially inhibited invasion, while 

the CD44v3 antibody had no effect. These experiments were repeated three times with 



similar results. A CD44 antibody that recognizes all forms of CD44 (Hermes-3) also had 

no effect on ST8814 cell invasion (data not shown). * = p <0.01 using a Student's t-test. 

Figure 4: An HGF/c-Met autocrine loop promotes MPNST cell invasion but not 

proliferation. (A) Stable clones of ST8814 cells transfected with either empty vector or a 

c-Met ribozyme were assayed by Western blotting for c-Met levels using actin as a 

loading control. C = parental ST8814 cells; U = empty vector; 1-3 = separate ST8814 

clones expressing the c-Met ribozyme. In the lower panel, the effects of lowering c-Met 

expression on ST8814 cell invasion were measured as above. Note that all three stable 

clones expressing reduced levels of c-Met were significantly less invasive than control 

cultures. (B) ST8814 cells were treated with an HGF-neutralizing antibody at different 

concentrations for 2 hrs. then analyzed for c-Met phosphorylation. Note that at 30 /<g/ml 

constitutive c-Met phosphorylation was almost completely inhibited while 

phosphorylation of another receptor tyrosine kinase, the epidermal growth factor receptor 

(EGFR) was unaffected. In the lower panel, cells were treated with 30 ;<g/ml of HGF- 

neutralizing antibody or a non-specific isotype matched control antibody then assayed for 

levels of invasion as described in the materials and methods. Note that blocking HGF 

almost completely inhibited cell invasion. (C) ST8814 cells were treated with 10 ng/ml of 

pro-HGF in the presence and absence of fetal calf serum, which contains protease activity 

capable of converting pro-HGF to mature HGF. Cells were then immunoprecipitated 

with a c-Met antibody, blotted and probed with either anti-c-Met or anti-phosphotyrosine 

antibodies. The lower panel is a blot showing that the pro-HGF is effectively cleaved in 

the presence of serum. Note that there is a constitutive level of c-Met phosphorylation in 



the absence of pro-HGF, which is enhanced in the presence of pro-HGF, indicating that 

ST8814 cells can convert pro-HGF to mature, active HGF. (D) Empty vector and c-Met 

ribozyme clones were analyzed by BrdU labeling. Note that there were no significant 

differences in BrdU uptake in cells expressing different levels of c-Met. *p < 0.001. 

Figure 5: c-Met activation is not altered by CD44 and does not induce CD44 expression. 

(A) ST8814 cells were treated with HGF and with 30 ;<g/ml of the anti-CD44v6 or the 

Hermes-3 antibody that recognizes all forms of CD44, then analyzed for changes in c- 

Met phosphorylation as above. When c-Met phosphorylation levels were normalized to 

total c-Met levels on individual blots (by scanning densitometry), there were no 

significant differences in c-Met phosphorylation in cells treated with or without either 

CD44 antibody. (B) Serum-starved ST8814 cells were grown in the presence of the anti- 

CD44v3 or anti-CD44v6 antibodies, or no antibody ("C") then analyzed for changes in 

autocrine induction of c-Met phosphorylation. No changes in c-Met phosphorylation 

were observed in any of the conditions tested. (C) Cells were treated with HGF for 

different times then assayed for changes in the expression of different CD44 splice 

variants and Egr-1. Although there was an approximately 2 fold increase in Egr-1 

expression after 2 hrs., there was no corresponding change in CD44 expression. (D) 

Analysis of changes in CD44 and Egr-1 expression in vector control ("U") and c-Met 

ribozyme ("1") stable ST8814 clones. Although Egr-1 expression is nearly abolished in 

cell expressing reduced levels of c-Met, there was no change in CD44 expression. 
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